The role of myristoylation in the localization and catalytic activity of Src at focal adhesions was investigated by live-cell imaging and site-directed mutagenesis. Although the majority of activated Src molecules are localized at focal adhesions, it is unclear how activated Src molecules are recruited to focal adhesions. Because Src is activated at the cell membrane, translocation of Src to cell membranes is considered to be essential for its recruitment to focal adhesions. Membrane-targeting-deficient Src mutant SrcG2A localizes at focal adhesions, indicating direct recruitment of Src from cytosol to focal adhesions. Furthermore, directly recruited Src molecules are shown to enhance paxillin dynamics at focal adhesions. These results reveal that the regulation of Src activation and translocation is more complex than previously suggested.
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Keywords: focal adhesion; FRAP; mechanobiology; mechanotransduction; TIRF Both intracellular and extracellular mechanical environments influence not only cell morphology but also cell behavior and fate, such as migration, proliferation, and differentiation [1] [2] [3] [4] . Individual cells can sense their surrounding mechanical stimuli and convert this information to intracellular biochemical signals, a mechanism termed mechanotransduction. Focal adhesions provide a platform for mechanotransduction at the interface between cells and the extracellular matrix (ECM). Interaction between ECM and the ECM receptor integrin enhances intracellular phosphorylation signals at focal adhesions, and subsequently alters focal adhesion dynamics, cell-generated forces and survival signals. Nonreceptor tyrosine kinase Src plays pivotal roles in integrin-mediated cellular signals and many focal adhesion proteins have Src substrate domains. Therefore, the localization and catalytic activity of Src markedly affects cell mechanotransduction.
The conformation of Src is known to be essential for its kinase activity. Src molecules localized in the cytosol have closed conformation, corresponding to a catalytic inactive state [5] . Phosphorylation of the tyrosine residue at 530 (i.e. referring to the residue in human Src) retains the closed conformation of Src by binding to the Src-homology 2 (SH2) domain [5] . After dephosphorylation of tyrosine 530, autophosphorylation at tyrosine 419 in the tyrosine kinase domain is required for full activation of Src [6, 7] . When Src is fully activated, molecules exhibit the open conformation and SH2 and Src-homology 3 (SH3) domains are exposed. Binding between Src and its substrates through the SH2 and/or SH3 domains then triggers Src to serve as a kinase. Although the majority of activated Src molecules are localized at focal adhesions [8] , little is known about how activated Src molecules are recruited.
Translocation of Src to the cell membrane is achieved by myristoylation of the Src N-terminal domain [9] . Membrane targeting of Src is independent of its kinase activity, although the kinase activation is Abbreviations ECM, extracellular matrix; FRAP, fluorescence recovery after photobleaching; SH2, Src-homology 2; SH3, Src-homology 3; TIRF, total internal reflection fluorescence.
presumably conducted at the cell membrane. Therefore, it is hypothesized that, subsequent to membrane targeting and activation, activated Src molecules enter focal adhesions. Although the G2A mutation of Src prevents membrane binding as a result of a lack of Nterminal myristoylation of Src [9] , the SrcG2A mutant has been detected in the membrane fraction when assessed by membrane-cytosol separation method [10] . Therefore, it is assumed that Src molecules directly translocate from the cytosol to focal adhesions.
In the present study, we analyzed the effects of SrcG2A mutation on the function and localization of Src. We detected the localization of SrcG2A mutants at focal adhesions by fluorescent microscopy. Expression of SrcG2A enhanced the exchange rate of the focal adhesion-associated protein paxillin. The results indicate that there is a novel pathway of Src from the cytosol to focal adhesions without cell membrane targeting, and direct recruitment of Src to focal adhesions and membrane targeting via N-terminal myristoylation are required for mechanotransduction at the focal adhesions.
Materials and methods

DNA constructs
To construct the expression vectors for Venus, SrcWTVenus and SrcG2A-Venus, the cDNAs of SrcWT, SrcG2A and Venus were amplified by PCR and cloned into the pcDNA3.1 vector (Thermo Fisher Scientific, Waltham, MA, USA). A flexible (GGGGS) 3 linker [11] was used between Src and Venus so as not to disturb the Src structure and function. SrcG2A/K298M-Venus and SrcG2A/ Y530F-Venus were generated by introducing point mutations using SrcG2A-Venus as a template. The expression vector for mCherry-tagged paxillin was constructed by PCR using the pcDNA3.1 vector as a parent vector.
Cell culture
HeLa (RRID:CVCL_0030) and SYF (RRID:CVCL_6461) cells were cultured in Dulbecco's modifiwed Eagle's medium (Sigma-Aldrich, St Louis, MO, USA) containing 10% FBS (Thermo Fisher Scientific) supplemented with 1% penicillin/streptomycin (Sigma-Aldrich) at 37°C in 5% CO 2 . Transfection of plasmid DNA was carried out using FuGENE6 HD (Promega, Madison, WI, USA) in accordance with the manufacturer's instructions. The transfected cells were transferred to collagen-coated glass dishes (AGC Techno Glass, Shizuoka, Japan) 24 h before microscopic observation. FAK inhibitor RF-573228 (Cayman Chemical, Ann Arbor, MI, USA) was applied 1 h before observation.
Microscopy
Total internal reflection fluorescence (TIRF) images were acquired under a conventional inverted microscope (Ti-U; Nikon, Tokyo, Japan) equipped with an EMCCD camera with a 512 9 512-pixel chip (iXon3; Andor Technology, Belfast, UK) and fiber-coupled 488 and 561 nm lasers to excite Venus and mCherry, respectively. NIS-elements software (RRID:SCR_014329; Nikon) was used for image acquisition and IMAGEJ software (RRID:SCR_003070; National Institutes of Health, Bethesda, MD, USA) was used for image processing.
Quantification of Src localization at focal adhesions
Acquired images of Venus and mCherry were cropped to 3 9 3 lm 2 , including a few focal adhesions. To quantify the correlation between the distributions of Venus-tagged Src and mCherry-tagged paxillin, we calculated Pearson's coefficient for the two acquired images [8, 12] .
TIRF-fluorescence recovery after photobleaching (FRAP) experiment
To visualize the dynamics of paxillin at focal adhesions, we carried out fluorescence recovery after photobleaching (FRAP) experiments under TIRF illumination, as described previously [13] . Before photobleaching, the pre-bleach images of mCherry-tagged paxillin were acquired every 1 s for 10 s, using a 561 nm laser set at 5% of the maximum power. Photobleaching of mCherry was conducted for 10 s using a 561 nm laser at maximum power. Fluorescence recovery images were acquired every 1 s for 2 min using a 561 nm laser set at 5% of the maximum power. TIRF-FRAP analysis was conducted as described previously [13] . Photobleaching as a result of continuous TIRF illumination during recording was corrected by correction curves calculated from the intensity reduction time course in the pre-bleach step.
Results and Discussion
A novel recruitment pathway of Src
Myristoylation of Src N-terminal domain promotes Src translocation and binding to the cell membrane [9] . After activation at the cell membrane, Src works as a kinase by binding with its substrate located at the cell membrane and focal adhesions [14, 15] . Because replacement of glycine 2 with alanine in the SrcG2A mutants is known to hamper membrane targeting [9] , it is assumed that recruitment to the cell membrane and focal adhesions would decrease. In the present study, we examined the effect of SrcG2A mutation on the activity and localization of Src. To visualize the effect of SrcG2A mutation on translocation to the cell membrane, we constructed Venus, a modified yellow fluorescent protein [16] , Venus-tagged wild-type Src (SrcWT) and SrcG2A mutant (Fig. 1A) . These constructs were co-transfected with mCherry-tagged paxillin, used as focal adhesion markers, in HeLa cells, and observed by TIRF microscopy. TIRF microscopy enables the visualization of fluorophores within 100-150 nm from the coverslip surface, which includes basal cell membrane and focal adhesions, at the same time as excluding the majority of the cytosol region [17] . When HeLa cells were observed as co-expressing paxillin-mCherry and Venus or SrcWT-Venus, clear co-localization with paxillin-mCherry was not detected (Fig. 1B) . By contrast, SrcG2A mutant showed localization at focal adhesions (Fig. 1B) . Because localization of SrcG2A mutant at focal adhesion was observed in HeLa cells expressing SrcG2A-Venus without paxillin-mCherry (Fig. S1 ), we confirmed that overexpression of paxillin did not affect the localization of SrcG2A. To quantify the observations, we cropped TIRF images to 3 9 3 lm 2 at the same time as including a few focal adhesions at the cell peripheral region. The colocalization index between Venus and mCherry images was calculated as reported previously [8, 12] . SrcG2A exhibited a significantly higher colocalization index than SrcWT and Venus (Fig. 1C) , indicating that SrcG2A molecules directly translocate from the cytosol to focal adhesions, bypassing the cell membrane. Although the recruitment pathway of Src from cytosol to focal adhesions is not completely understood, membrane targeting is considered essential for translocation. This is attributed to the inactive state of Src molecules localized in the cytosol [5] and the regulation of Src activation at the cell membrane [18] . However, a previous study has shown that Src molecules can be detected in the membrane fraction, when analyzed by membrane-cytosol separation assay [10] ; these Src molecules were possibly obtained from focal adhesions. Therefore, we suggest a novel pathway for direct recruitment of Src from the cytosol to focal adhesions.
Src kinase activity enhances the directly recruitment of Src to focal adhesion through interaction with FAK To examine whether Src kinase activity require the translocation of SrcG2A molecules to focal adhesion, we made myristoylation defective and kinase dead mutant SrcG2A/K298M and myristoylation defective and constitutive active mutant SrcG2A/Y530F. The mutants were transfected to HeLa cells with paxillinmCherry and observed using TIRF microscopy. SrcG2A/Y530F molecules accumulates at focal adhesion and the colocalization index of SrcG2A/Y530F was significantly higher than that of SrcG2A ( Fig. 2A,  B) . On the other hand, SrcG2A/K298M uniformly distributed at the cell membrane with slight accumulation at focal adhesion ( Fig. 2A) . The colocalization index of SrcG2A/K298M was comparable to that of SrcG2A (Fig. 2B) . Therefore, the results indicate that catalytic activation of Src is essential for residing at focal adhesion, although Src kinase activity does not appear to be required for the recruitment of unmyristoylated Src at focal adhesion. We next examined whether focal adhesion kinase FAK promote the translocation of SrcG2A to focal adhesion because integrin-mediated FAK signal induces FAK-Src interaction and involves the subsequent signaling pathway [19] . We applied an FAK inhibitor 10 lM RF-573228 to HeLa cells expressing SrcG2A-Venus and paxillin-mCherry for 1 h and observed with TIRF microscopy. Localization of SrcG2A at focal adhesion was diminished in the presence of the inhibitor. The colocalization index of SrcG2A in the presence of the inhibitor was significantly lower than that in the absence of the inhibitor (Fig. 2C,D) . Because RF-573228 inhibits autophosphorylation at FAK Tyr397, which is the site for binding with Src SH2 domain, we suggest that the recruitment of Src to focal adhesion without membrane targeting is likely to be mediated by Src-FAK interaction.
Function of directly recruited Src molecules in focal adhesion protein dynamics
Because integrin-mediated Src kinase activity enhances the activity of focal adhesion proteins and their ability to facilitate cell migration [20,21], we performed TIRF-FRAP experiments to monitor the exchange of focal adhesion protein paxillin at focal adhesions. FRAP method is a powerful tool to monitor protein dynamics at the region of interest [22] . To avoid the effect of the endogenous Src molecules in paxillin dynamics, SYF cells were used in which the major Src family kinases Src, Yes and Fyn are knocked out [23] . SYF cells coexpressing mCherry-paxillin and Venus, SrcWT-Venus, or SrcG2A-Venus, were generated and utilized in TIRF-FRAP experiments (Fig. 3A) . SrcWT and SrcG2A expressing SYF cells showed fluorescence recovery at the focal adhesions, whereas fluorescence recovery was greatly reduced in SYF cells not expressing Src (Fig. 3B) . The results indicate that both SrcWT and SrcG2A can promote focal adhesion dynamics. For further analysis, the fluorescence recovery curves were fitted by:
where F(t) represents the mean fluorescence intensity value of mCherry-paxillin at individual focal adhesions, normalized against the mean fluorescence intensity before photobleaching. The mobile fraction (M) and time constant (s) were used as fitting parameters.
The half-recovery time T 1/2 was calculated using:
Because fitting scores of Venus-expressing SYF cells were too low as a result of small fluorescence recovery, we ignored those fitting results. The M value of Venus-SrcG2A-expressing SYF cells was significantly lower than that of Venus-SrcWT-expressing SYF cells ( Fig. 3C) . By contrast, the T 1/2 values were comparable between SrcWT and SrcG2A (Fig. 3D) . Because lower M values indicate stable residence of paxillin molecules at the focal adhesions and T 1/2 values represent the speed at which paxillin molecules exchange between focal adhesions and the cytosol, these results indicate that individual catalytic activity of SrcG2A molecules is similar to that of SrcWT molecules. However, as a result of the elimination of membrane targeting, the number of activated SrcG2A molecules at focal adhesions was expected to be smaller than that of activated SrcWT molecules. In the present study, we showed the accumulation of SrcG2A at focal adhesion and also its contribution for focal adhesion dynamics. Additionally, we confirmed that SrcG2A was recruited to other types of adhesion sites (i.e. focal contact and fibrillar adhesion) and that the contribution of SrcG2A for adhesion dynamics was comparable among three types of adhesion site (Fig. S2) .
Model of Src translocation between cytosol, cell membrane, and focal adhesions
A novel recruitment pathway of Src from the cytosol to focal adhesions was shown, bypassing the cell membrane through the myristoylation of the Src N-terminal (Fig. 1) . Although the total catalytic activity of SrcG2A molecules is lower than that of SrcWT molecules [24] , the catalytic activity of individual SrcWT and SrcG2A molecules at focal adhesion was comparable (Fig. 3) . However, because the majority of Src molecules localized at cytosol are in an inactivated state, it is unknown how directly recruited Src molecules from cytosol are activated. Indeed, SrcG2A molecules in COS-1 cells showed clear catalytic activation by western blotting analysis [10] . Furthermore, Hamadi et al. [25] showed that Src is translocated from focal adhesions to membrane ruffles. Therefore, we hypothesize that directly recruited Src molecules at focal adhesions must translocate to the cell membrane, be catalytically activated and subsequently return to the focal adhesions (Fig. 4) . Because the SrcG2A mutation prevents prolonged residence of Src at the cell membrane, many activated SrcG2A molecules quickly dissociate as a result of their low affinity with the cell membrane and are unable to return to the focal adhesions (Fig. 4) . Src kinase activity and binding with FAK promote the localization of Src at focal adhesion (Fig. 4) . In conclusion, Src molecules are able to translocate directly from the cytosol to focal adhesions without binding to the cell membrane. Directly recruited Src molecules can enhance focal adhesion dynamics. In addition to the Src translocation pathway from the focal adhesions to cell membrane, clarification of the relationship between catalytic activity and Src translocation is important with respect to understanding the integrin-mediated mechanotransduction mechanism in detail. 
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